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CHAFTER 1
INTRODUCTION

The double oxidation technicue usindg D-18 as a3
tracer has been successfully used to identifuy the
transrort mechanisms in growing oxide scales. The
detailed mechanism of oxidation is of more than
academic interest as it determines growth stresses
ang oxide srallation. The a3im of this studwy was to
develor analssis technicues to obtain ouantitative
diffusion data from the tracer concentration
rrofiles in drowing oxide scales. An oxide can grow
inward a8t the metal-oxide interface bw  inward
oxvden diffusions it can dgrow outward st ihe gas
oxide interface by outward cation diffusion or it
can €row by 3 combination of both the mechanisns.
The eproblem of determinind the fraction of inward
and outward growth of the scale from the tracer
concentration profile was solved. The process of
tracer diffusion in a3 growingd rolucrustalline scale

was theoretically modelled.



The asrnalusis technigues develored were then
arrlied to & FelrAl-Zr 3llow by wusing S5IMS to

ohtain the tracer profile.



CHAFTER 2
LITERATURE SURVEY
2.1 Mathematics of diffusion
2141 Diffusion

Atoms in 3 solid are in constant motion about
their lattice sites. .Dccasionallsr 3 few 3toms
ga3in sufficient enerds to Jumr into neighbouring
sites. Thisi random movement of atoms is called
diffusion. Self diffusion is the rhenomenon of
migratiorn of atoms in the absernce of concentration
gradients. Self diffusion can be studied bu
introducing &n isotoric tracer into the sustem
such that the diffusing atoms can be identified.
Strictly sreaking the diffusion coefficients of

isotores are related by the eauation:
' 1/2
%2 (_’fg) | N RY
D) M, |
Where M arnd M are the masses and D arnd I are the
1 2 1 2
diffusion coefficients of the isotores. However,

gerierally the isotoric masses are so close to
each other that the diffusion coefficients are
assumed to be the same. When 0-18B is wused as a3

tracer to study oxuder diffusion» the differerice



is about é%Z.
2:1.2 Fick’s laws

Matter flows in 3 marnner to decrease its

concentration gradient or more pPreciselw its
chemical roterntial dgradient. The flux
~
densityrJ (ka/m sec)r of the srecies 1 in 3
i
dimensions is siven bu:
Ji - --Di p VC1 eee(2.2)
2
Where I is the diffusion coefficient ((m /sec)s
3
P is the density (kg/m ) and C1 is the mass
1

fractional concentration gradient (m ). This is
Fick’s first law. In 1-dimemsion Ecuation 2.2

becomes:

.-Dip _a_ci 000(2.3)

9x

Iy

From Eauation 2.3 and using the rrincirle of

mass conservation [1J it can be shown that:

9 C
Jt ox ox )

where t is the time. This is Fick’s second 1law.

If D is inderendent of rposition » Equation 2.4
i
becomes ¢
v = D —— cao(Z.S)
ot i 3x2

2+1,3 Diffusion mechanisms



Diffusion dgenerally occurs by 8 vacancy Oor an
interstitial mechanism. An 3tom addascent to s
vacancy can exchandge sites with the vascancwy and
thus migrate throush the crustal. Some astoms
occury rositions in  the interstices of the
crustal 1asttice. Thew can move either by Jumring
from an interstitial site to arnother (interstitial
mechanism) or by disrlacing a3 lattice atom into an
interstitial rosition and takimg ur the 1lattice

site itself (interstitialcy mechanism).

The esredominant roint defectes 1in an ionic

rrestal are L[218

i) Schottky disorder- Stoichiometric rrorortion of

cations and anion vacancies.

ii) Frenkel disorder- Eaqual number of cation

vacancies and interstitials.

iii) Anti Frenkel disorder- Eaual number of anion

interstitials and vacancies.

iv) Anti Schottky disorder-—- Stoichiometric

rrorortion of snion and cation interstitials.



It should be noted that the exrerimental
diffusion coefficient cam be resrresented by an

Arrhenius ture eauation?

D-' D ex -'9 so e
2
where I is the preexronentisl term (m /sec) and O

o
is the activation ernergy (kJ/mole).

2,2 Grain boundary diffusion

2:2+1. Introduction

Enhanced drain boundarg diffusion has been
observed in several oxides [3-41, The observed
tracer concentration profile in a3 rolscrustaslline
samrle is due to both fast diffusion along the
grain bourdaries and slower diffuson into the
drains from the surface and the grain boundaries.
Some of the models Pprorosed to mathemsatically
treat the combined drain boundary 3snd volume
diffusion problem are discussed in the next

sectior.

2.2.2 Mathematical treatment



Fisher L[5] modelled 3 drain .boundars as a
thin slab of thickrniess w extendindg into a8 semi
infinite cryustal (Figure 1 The diffusion
coefficient D in the draim boundary is much
greater than 2he diffusion coefficient in the
crustal, Whirrle [4] used the Fisher model and
obtained exact solutions of the averade tracer
concentration erofile wusind Fourier =~ Larlace
transforms. He wused a constant source condition

1e80y

C(xrurt)=C for 10 and =0
o

He obtasirned +that the 1lodarithm of the averadge
tracer corncentration (1l £) varies lirnearly with
b6/5

] with a8 slore that can be related to the drain

boundarw diffusion coefficient by the ecuation ¢
( inC -) 4D 1nC 75/3
D(L) = —_—l7c "—) e oo.(2.7)
b (—=)—
y6/5 ¢ (n8 1/2)6/5 ‘

where!
n= _-y__.. . B = (A-l)w A - E‘_’{
/5t J5¢ 2 D

lLevine and MacCallum L[7]1 solved the dgrain

boundary diffusion ecuation directlwy for the

averadge concentration in rolucrustaslline samrles
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FIGURE 1 - Fisher's model of a grain boundary,



arnd fourd that for 8 10 the 1last term in
Eauation 2.7 is inderendent ofrﬁ'l/zand is eaual
to 0.78. This was later confirmed for Whirrle’s

solution bw LeClaire [81,

Suzuoka [?]1 solved the same problems but
assumed an instantaneous source condition ie.s
Cltrurt)=K §(w) %=0y =0
where K 1is the surface densite of the rlarner

spurce. His splution also rredicted a3 linear rlot

- &/5 —-—
betweernn 1n C and u with? 91nC VIRTE =0.75
a(nB )
Thus to obtainm the value of I w y exrerimental
- b 6/5
values of 1n € can be Frlotted adainst u A

straidht line can be fitted to the data roints of
deerer renetrations. The slore of this line can
be used to determine the value of D w using
Ecuation 2.7, °

Zaeschmar [10] treated the srain boundary
diffusion eroblem bw considering the rolwcrystszl
as a8 3-dimensional brichkwork of cexlindrical
grains. He introduced another empirical rarameter
- the filling time of 2 drain. 0ishi and Ichimura

L1113 treated the #rroblem a8s the homogereous

filling of & drain rinned to the dgrain Dboundary



at an arbitrary distance from the surface. As this

author has wused the Oishi-Ichimura deometrical
configuratiorn for modellindgy it will be described

in detail later.

2+3 Frevious studies of oxudgen diffusion in

aluminsa
2.3.1. Lattice diffusivity

Dishi and Kindgerg L1213 studied oxgden
diffusion in single crustal alumina using gaseous
exchange techniaue. Their rlot of 1log (I versus
1/T showed a8 bresk st 165000 uhiéh was igterpreted

as an extrinsic to intrinsic transition. The hish

femperature data showed that!

=636 ki/moley 12, 0. ...(2.8)

' -1
D= 1.9x10 “exp( RT

while the fit ¢to the low temrerature data

suddested that:

=241 kJ/mole

RT ) m2/sec ... (2.9)

D = 6.3x10" 2exp(

This was later shown to be an exrerimental artifact
sensitive to the surface epreraration of the
srecimen. When the samrles in the low temrerature
redion were epreannealed before the diffusion
anneal» the measured diffusion ’coefficients fell

orn the extrarolation of the high temrerature dats.

10



Dishis Ando and Maisuhireo [13] studied high rpurity
varour dgrown crustasls using the same method as
Oishi and Kinderw. Their results were in
arrrOoMimate agreement with 0Oishi and Kingeru’s

results.,

Reed and Weunsch [14] studied single crustal
aluminag using ion Frobe. Their data sudgdest

that! .
-78 ,
D = 6.4 exp( 7R§J’m°1e) w?/sec ...(2.10)

Reddw and Coorer [153 exchandged single
crustal alumima in enriched 0«18 dgas and measured
the tracer corncentration rrofile wusing seroton

activation. Their datazs fit the eauation?

2 -615 kJ/mole) mZ!SP_C v (2.11)

exp( BT

D = 2.66x10

Cawlewy Halloran and CLoorer [161 exchanged
sindle crustal alumina in Reddw’s das exchange
grraratus. The tracer profiles were determined b
both eroton activaton and Secondary Ion Mass
Srectrometrw (SIMS). Cawley found that the
diffusion coefficient of oxusern was insensitive to
impurity levels and oxsden eartial rressure and
could be described bw!

D= l.51x10-3exp(-527R¥J/m019) mzlsec ...(2.12)

11



Recentlw Laderlofr Heuer and Mitchell Qtudied
the annhilation of dislocation loors by annealing
deformed cwlinders of Alﬂo . Based on the
assumrtion that the self‘d?ffusion of oxuden was
rate controlling thew calculated the diffusion

coefficient of oxugen in undored aslumina as:

-587 kJ/mole

2
RT ) m“/sec ...(2.13)

D= 6.8x10’4exp(

It should be noted that the data of 0ishi and
Ando» Reddy and Coorery Cawleyr Halloran and
Coorery and Lasgerlof and Heuery, taken by wusindg
different techniues: agree  well in the
temrerature randge of 1250 to 1800o c. So  the

lattice diffusion coefficient of oxuden in rure

alumina is well established.
2.3.2 Grairn boundarg diffusivitws

Mistler and Coble [171 calculated grain
bpoundarw diffusion coefficients and widths from
the results of dgrain drowthr» creery sintering and
diffusion. Mathematical models of sinterng and
creer gsave D W while srain drowth models were

b

assumed to give .D / W, Thus D and W  were
b b
calculated seraratelw. The grain boundary width

for 3luminz wsas rerorted to be between 9-12 nm

12



while the drain boundary diffusion coefficient wss

rerorted as:

- ~4 =451 kJ/mole. 2
Dy = 5.15x10" exp(—27 [mo ) m/sec  ...(2.14)

There is & 1lot of wuncertianty in these
results as the effect of imrpurities on dgrain
growth was neglected. The model assumed an
effective diffusion coefficient Deff dgiven byl |

Deff = eDb + (1-e)D
where g 1is the volume fraction of the sfain
bourdaries. The above exrression does not take

into consideration the diffusion  from the dgrain

boundaries into the dgrains.

Johrnsor and Berrinm [181 wused inmitisl stade

sintering studies to obtain?

- -4 -653 kJ/moley _3
wa 5.2x10 exp( o ) m

/sec «..(2.15)

However their model redlected the contribution of

surface diffusion to the neck growth.

Lessindg and Gordon [19] used creer results of

iron dored s8lumina samrles to obtain?

Dw = 4.38x10_7exp(_439R¥J/m°1e) n?/sec e..(2.16)

However thew had to =guess the rate controlling

gdiffusion Frocess. At larde concentrations of

divalent iron and larde drain size the creer was

13



assumed to be limited by oxugen dgrain boundary

diffusion.

Reddy and Coorer L[15] used froton activation

on undored polucruystalline alumina to obtain?

3exp(-690R:J/mole) mz/sec veo(2.17)

D, = 4.41x10°
The boundary widths assumed were turically 15 to
40 nm. This assumrtion is too larde as the drain
boundary width of 3lumina is twrically closer to
10:? There is thus 2 dgreat dedgree of disagreement

hetweerr the resorted values of grain boundarw

diffusivity and boundary width,.
2.4 Oiidation of surerallous
2.4.1 Surerallogs

The need {0 develor materials for high
temrerature arprlications like dg3s turbime endines
led to the developmeht,of surerallows [20]. MCrAl
alloys (M=FerNisCo) are rromising for use urto
1200°C. The high strendth of these &llows is
achieved by solid solution and rreciritation
hardening while dood oxidation resistance is
obtained by the formation of adherent protective
oxide lavers, These 38llows owe their oxidsation

i ———— " — A - - M - S s T B A W > T~ — Y —— - - S ———— - " o —

¥ Personal communicatioms with N.L.Feterson of
Argornine National Labora@ories.

14



resistance to the formation of an 3lumina scale
since it is the most stable oxide and has the
lowest free enerdy of formation. Alumina is a
stoichiometric oxide with low diffusion rates and
is not attacked by either qu or COq. Giggins and
Pettit [21]1 showed that the‘externa; alumina scale:
forms for certain comrositions of the allow onlw.
The amount of aluminum needed to form a continuous

scale can be reduced by increasing the chromium

conternt &8s chromium acts as an oxudgen detter.
2.4.2.Transient scales

Thousgh the sureralloys owe their oxidation
resistance to the formation of a8 rrotective
alumina scales it has been found that initially
transient oxides are formed., , Smialek and
Gibala L[221 studied the structure of transient
scales formed on purer’ Y dored and Zr dored NiCrAl

alloys. Oxidation of these allows for 0.1 hour

o
at 1100 C rroduced oriented Y - Al O y
2 3
@ - (AlsCr) O or @ spinel 1like Ni(CrsAl) O
2 3 2 4
before the random o-Al O 1lager was formed. The

2 3
scales were densely rorulated with internsl

Frreciritates and there was evidernce of rlastic

flow in the wunderlwing metal due to drowth

15



stresses. The formation of coherent lawers of

aluminium derleted rhases indicated the selective

removal of aluminium at these short times.

Golightlyr Wood and StottL23]1 studied the
oxidation of FeCraAl 8llovws with wvarious Y
additions at 110008 and 1200°C. They observed the
formation of transient oxides rich in iron and
chromium in 811 cases which was followed by the
steady state a-3lumina scale. For the Y free alloy
it was found that the steadw state was reached
faster 1if the chromium content or the temrerature
was increased. fhe amount of transient oxide

formed was a8lso determined bw the srecimen surface

torodrarhy since the develorment of the
a-glumina laver was less rarid at the base of

the a3llow asrerities than a3t 8 flat sllow oxide

interface.
2.4,3 Mechsanism Of Oxidation

Inert marker exreriments bw Hindam and
Smeltzer [24] indicated that &alumina scales dHrow
inward by oxusden diffusion. Recent 0-18 +tracer

studies by Reddw L[29] have also confirmed that the

16



@

Frimary transrort 1is oxyden inward and the
rrofiles are most consistent with the drain

bourndary transrort model.

Golightly et al. [26]1 observed that the
growth wmorrhologw of &alumina scales on FeCrAl
allous was different for Y free and Y containing
alloys., Thes suddested that in the Y free slloy,
the scale grew by é combined inward oxuden and
outward aluminum transrort mechanism which caused
lateral dgrowth within the scale. This was
resronsible for the highly stressed oxide on the Y
free a3llows. The absernice of drowth stresses and
lzteral drowth in scales with Y was attributed

to the blocking of outward aluminum diffusion.

Whittle and Stringer £L27] Frorosed a
nucleation model to' exrlain the ‘Rare earth
effect’. They susdested that the rare earth
additions acted as nucleation sites for all the
oxide ephasesy thus producing a3 finer drained
initial oxide, This caused the steady state
oxidation to be reached more raridly and at s

lower aluminum or chromium content.

17



2.4.,4 Oxide adherernce

As discussed earliery the introduction of
small amounts of rare earth elements +to the
surerallows caused 3 dramatic imrrovement in the
scale adherernice. Some of the mechanisms rput
forward to explain this rhenomenon are as

follows L[27,281:

a8) Y (or other rare earth elemenrnts) imerrove the
chemical bormd at the metal—oxide interface as thew
have 8 better affinity for oxudern than the

allovwindg elements.

b)Y Yttride preciritates or wttria erarticles can
induce mechanical redding of the oxide scale on

the substrate.

c) Y promotes the formation of an inrner wsttria
laver which acts 85 a8 diffusion barrier and also
decreases the mechanical and thermal stresses

betweeri the oxide and the allowu.

d) Soluble Y in the a8llow can trar the metzl
vacancies and conseaquently avoid vacancy

cozlescernce at the metal oxide interface.

18



e) Y rresent in the oxide scale can infuerice oxide
defect mobilitey and conseauently the diffusion
rate in the oxide scaley oxide thickness and

rlasticity.

Delaurasw et al. studied the mechanical
stresses dererated in the oxide scale during the
oxidatiornn of surerallods. Thew concluded that Y
imrroves the #ide adherence by trarring the
vacancies and preventing them from epreciritating at
the metal oxide interface [291.It maw a3lso imrrove
the xide Flasticity by increasing the

concentration of omxuden vacancies [301.

2.4.5 Growth kirnetics and microstructure of

FeCrAl—-Zr allow

Smialek studied the microstructure of the
oxide drown on the FeCrAl-Zr allow used bw this
author., He saw monoclinic =zirconia ereciritates
at the dgrain boundaries a3t the gas surface. There
were deer derressions in the larde drains at the
metal-oxide interface which rerresented areas
where the drain boundary redions had advanced

faster tham the irnterior of the grasins due to

19



o
short circuit diffusiorn [31,32,331. At 1100 C»

the drowth rate of the oxide was found to obew the
law:?
0.46

X =(K t) ...(2.18)
" :

Where X is the oxide thickness armd t is the
onidation time. The dgrain gsrowth in the alumina

scale was found to obew the law?

, 0.2
Graim size = (K 1) .o (2.19)
-
There was a variation of dgrain sire and share
across the scale, The grains near the das surface
were srherical and small in size while the drains

rnesr the oxide-metsl interface were larder in size

and ceolumnar irn share.
2.9+ Frevious 0-18 sudies

0-18 has been succeséfulls used 3s a tracer
to identify the drowth mechanisms of oxide scales.
The double oxidation technioue consists of
successive oxidation of the 2alloy in natural
oxuden and 0-18 tracer. The corcentration srofile
of the +tracer is determined by some convenient
technigue like Prdton activation or 8IMS. The
tracer can then be used to identifw the regions of

new growth,. The share of the tracer concentration

20



rrofile can srovide insight into the mechanism of

oxide growth.

0-18 has been succesfulls used as a8 tracer by
mang workers, Lees and Calvert [34] used the
double oxidation techriaue on FeCr allows in 1976,
In 1978, Sheasbw and BrownL35] used SIMS to obtain
0-18 coricentration eprofiles in Co0 scales, In

1980, Hartlew et =al. [3631 at Harwell omxidized

18
FeCr 8llows ina8 L O atmosrhere. Thew wused
2
rroton activation to obtain the tracer
concentration srofiles. In 1982 Lees et al.,.

~studied the mechanism of corrosion of low silicon

[37] and high silicon [381 ferritic steels in hish
Fressure COﬂ using 0-18 tracer,

Reddwl[15] used the double oxidation techniaue
to measure oxuden diffusivities in various oxides.
He used the eroton activation techrniaue to measure
the tracer concentration erofiles. Keddy also
studied the oxidation mechanism of NiCrAl &llous
by the double oxidation techniaue. Verw recently
Cawlew studied the self diffusion coefficient of

oxugen in alumins using 0~18 tracer. He

determined the tracer rrofiles bw both sroton

21



activation and SIMS. Cawlew also studied the
thermal oxidation of silica and silicon carbide
using the same technicue. He was able to obtain
good fits of his datsa to the theoratical
calculations if he assumed different diffusion

coefficients for his near surface and deer

rrofiles.

2.6, SINMS

In SIMS [39]1sthe samrle is bombarded with
high enerdw frimarg ions (Ar+in this case). These
rrimary ions renetrate into the solid where binarw
collisions with tardget atoms occur. The frimary
atoms come to rest at the so called renetration
derth and sre thus imrlanted in the solid. These
Frimary ions cause the target atoms to be
disrlaced from tﬁe surface due to various
dgeneration tardet recoils., These tardet or
secondary ions are rassed throush a mass analyzer
where theu are serarated by mass to charde ratios.

An electron beam is also focussed on the samrle to

keer it neutral.

22



The number of sruttered secondary ions of a
given ture 1is a8 comrlex function of the‘surfacé
concentrations electronic structure and sruttering
conditions. Howeverr» &8s 311 the variables for
isotores are almost the samer the ratio of counts
of isotoric ions dgives the true value of isotoric

concentration.

The resolution of BSIMS is limited bw
rnon-uriiform srutter etchind which may wield
sruttered srecies from a rande of derths [40,411,
This rroblem is rarticularly severe at the edde of
the crater. To avoid this eroblem the raster
gatind technicue is used where the beam scans over
3 larde ares and detects secondary ions from the
central rortion of the crater onls. Another

i

rroblem faced when sruttering insulators is ihat

)

ef charging due to ion removasl. If the charging
is stable it rcan asttenuate the secondarg ion
sidrnal L[42]1. The electron beam can rneutralize the

secondary ionss causing further comrlications.

23



The advantade of wusing SIMS over eroton
activation is its derth resolution which is less
than 102. Also there is no limit on the derth of
the sruttered crater exert for the machine time.

SIMS also rrovides the datas in a verwy convenient

form and can monitor urto 9 elements at a time.

Howeversy the Problems of non uniform
sputteringy esrecially in rolucrustalline samrles
can severely limit the resolution of SIMS and can
actuzlly make the data worthless. This roint will
be discussed in detail later. The conversion of
counts to concentration with the helr of standards
can be extremelw wunrelisble as the ion wvield
derends ony» amondg other thinds» the samrle surface
prerarationr the incident angles of the ions and
the sample microstructure. So it is extremelwy
imrortant to arrly strindent tests on the cacuality
of data before any auantitative information is

obtained from it.

24



CHAFTER 3

THEORY

3.1 Statement aof the rproblem

0-18 has been successfully used as a tracer to
iderntify the drowth mechanisms in oxide scales.
Thé double oxidation techniaue is used to identify
the diffusion processes involved. In this
techrniicue the asllovy is secquentially oxidized» first
in natural oxgdgen and ther in 0-18 tracer. The
oxide drown durind the natural oxudgen oxidstion is
referred to as the old oxide uﬁile the oxide drown
durind the tracer oxidation is referred to as the
new oxide. The rosition of the new oxide dgrowth is
determined from the concentration rrofile of the
tracer across the oxide scale. The tracer

cancentration srofile is obtained by SIMS.

It has been shown that the eprimargs transrort
mechanism orerative during the drowth of a -slumina
scales on sureralloss 1is inward drain boundafs
diffusion of oxygen [15r32]1 .Thus the rrotective

oxide scale has been fourd to be erimarily inward
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srouins.. Howevers as the oxydgern tracer diffuses
dowr the drain boundariessy it exchandes with 0-16
existing in the drains. To det any quantitative
information from £he tracer concentration rprofiley
it is necessary to model this process of inward
tracer g€rein boundarw diffusion with exchandge. The
advantasge of a8 auantitative model is that the drain
bourdary and the lattice diffusion coefficients can
be obtained from the share of the tracer
concentration profile. The effect of structursl
rarameters  like the oxide grain size on the tracer
rrofile can also be studied. It cam also be used to
determine if the scale is inward or outwardg
dgrowing, In the case where scale drowth is &
combination of both the mechanismsy 3 simrle mass
balance test can be used to serarate the two
Frocesses. To model the diffusion processy Oishi

and Ichimura’s deometrical confidguraton of the

‘drain boundaries and drains have been used.

In the modelsy the share of the tracer
concentration profile derends on the three

rarameters?

i) the dgrain size vy 2) the drain boundary
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diffusion coefficient D and 3) the 1lattice
diffusion coefficient D? By choosing the
arprorriate values of the three rarameterss 3
familwy of curves can be denerated which define a
rande of 0-18 er,rofiles which are quantitatively
comratible with the inward oxdden diffusion
mechanism. Converselyu:r given an experimentsl
tracer concentration srofiler it should be possible
to Pin down the values of the three rarameters. It
should be noted that the drain size of the oxide
scale can be obtsined by SEM studies. A good
estimate of the dgrain boundary diffusion
coefficient can be obtained from the drowth
kinetics of the oxide while values of the 1lattice
diffusion coefficient can be obtained from the
literature. Thus there is inderendent information
existing for 2l1 the three model rparameters, A
maJor assumrton made during the modellind of +the
diffusion process is that the oxide scalé grows in

a rlanar fashion.

3.2 Exrected Tracer Profiles

27



Fidure 2 shows the schematic 0—18
concentration rrofiles for various transrort
mechanisms. If the outward aluminum transrort is
the primary mechénism the scale will be outward
drowing, The tracer concentraton srrofile will be 3

18
ster function due to the formation of Al 0 at the

2 3
das—-oxide interface. If the transrort mechanism is
inward oxwsgen dSrain boundarwy transrorty the scale

will be inward drowind and the concentration

rrofile will be 8 ster function due to the formaton

ig

of Al O at the metal-oxide interface. This is
2 3

however an 1ideal case. When the tracer in the

grain boundaries comes in contact with 0-16 in the
grains of the old scales e:xchande will take rlace
and the concentration profile will look like Figure
2c). Firnally if the diffusion mechanism is a
combinstiorn of outward aluminium and inward oxuden
transrort the tracer profle would look like Fisgure

2dd) .,
3.3 Mass Balance
Given 8 tracer concentration srofile across

the oxide scale 3 simrle mass balance test can be

used to determine the growth mechanism. As shown
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ORIGINAL PAGE %
OF POOR QUALITY,

™TACER
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a) . | b

TRACER
O~18CONCENTRATION

INWARD OXYGEN G.B. TRANSPORT ———
WITH EXCHANGE INWARD OXYGEN TRANSPORT
c) a)

FIGURE 2 - Schematic tracer cbncentration profiles
for various transport mechanisms.
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in Fidure 3» a3 normalized concentration rrofile can
be rplotted such that the X-axis is 8 plot of the
fraction of the total scale‘thickness while the
Y-axis is the Plotl of the concentration of the
tracer as a fraction of the maximum tracer

concentration in the scale.

We know that evers atom oef O0-18 in the
oxide scale dot there when the sample was exrosed
to the tracer. Thus the number of 1lattice sites
occuried bs the tracer atoms in the oxide scale
must be the same as the number of oxuden lattice
sites cresated in the oxide; during the tracer
oxidation. This.concept can be used to calculate
the thickness of the new oxide Y as sthn in
Fidgure 3b), Y is so chosen» thgsw area A 1in
Fidure 33) (Zﬁgunt of 0-18 in the total oxide) is
eaual to the area B iﬁ Fidure 3b) (amount of oxuden
in the new oxide)., Havingd established the new
oxide thicknesssy it can be determined if the growth
mechanism is primarils inward oxuden transrort or a
combinaton of outward aluminum and inward oxusgen
transrort., If tﬁe diffusion mechanism is inward

transrort of oxudgen throush the dgrain boundaries

with exchandgey the scale is inward dSrowing. Then

30



w0 <
1 \
0.8
o NB
e \\
‘e \/%
<1 N
. N\
¥ 100 “o'zo':o'cb'.'o‘:oo
£ X100
Yot
a) b)
out in
' Ynew Ynew
— Yo14 '—_“Pnew ~ '1'— Y014
%.0 e 1.0
J L/ 7
om: / o8 Z
%..2" N\ //J % o F7
\ /D il /
°"'\ % 0.4 4 /
5N J ol R '
P 4 E
o 0\7\t>' o 6 80 L I \§ 1\;; \ bv v
4 e 0 W0 0 2 6 60 80 100
{:'00 {:100
c) d)

FIGURE 3 - Determination of transport mechanlsms by
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the number of 0-18 atoms retasined in the old oxide
must be the same as the number of 0-16 atoms found
in the new oxide as they are both involved in the
same exchande Prbcess. Thus if area C is eaual to
the area D in Figure 3c¢) the transrort mechanism is
inward oxydgen diffusion. However» if area Q is
dgreater than area I some of the tracer atoms in C
did not get there due to eichande but rather due to
outward aluminium diffusion leading to the
formation of Aliso 3t the dgas-oxide interfasce, 1In
this caser it i; stsible to determines at least in

princirley what fractien of the scale growth is due

to each mechanism., Thus Y can be srlit wur 1into
in out new

Y and Y such that area E=area F in Fidure 3d).
new new

This allows the growth kinetics to be srlit ur into
inward dgrowth and outward drowth and both these can
be seraratelw anaslused, So with erofiles of
sufficient aualityv. one can obtain detailed
information by simrle mass balance analusis. It

should be noted that this is model free.

It should be mentioned that the wmass balance
criterion is valid if the number of tracer atoms in
the grains at the oxide-das interface due 4o direct

surface exchande with the H€as is neglected., This
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is a8 valid assumrtion because the drain boundary
diffusivity is much higher than the 1lattice
diffusivity in the oxide and the renetration derth
of the tracer atoms due to volume diffusion at the

surface is nedlidible.

Much more informaton can be obtained from the
actual share of the tracer concentration rrofiler
if the actual eauations describing tracer
incorroration during scale drowth could be directls
solved. Ever in the simrle case of inward oxuden
diffusion 1t is a3 formidsble sroblem of combined
lgttice and drain boundary diffusion with a8 moving

boundary urnder an imrosed field. However a

relatively simrle but still realistic model rermits

the diffusion eauations to be solved.

3.4 Geometrical Confiduration

Fidure 4 shows an idealised drawing of the old
scale with hexadonal sgrains arranded in a close
racked two dimensional network. These drains are
formed during the 0-16 oxidation and contain
natural oxuden atoms. When the samrle 1is exrosed

to the tracery 0-18 diffuses raridle down the drain
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FIGURE 4 - Schematic of grain boundary diffusion of
tracer with exchange,
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bourdaries to form new oxide 3t the side-metal
interface. Howevery while diffusing down the drain
boundaries the tracer comes into contact with the
grains which have 0-16 in them. This causes a
tracer exchanse between the drain boundaries and
grains, It should be noted that the grains close
to the gas surface have more tracer in them due ¢to
greater xchande time than the dgrains at the

old-oxide new-oxide interface.

To model this =srocess of drain boundary
diffusion of tracer with exchandes the
Oishi-Ichimura geometrical configuration has been
chosers 8s shown in Figure 3. The rpolucrustalline

xide is assumed to consist of eaual sized
srherical drains and to Possess a3 grain boundary
diffusion coefficient that is much greater than the
lattice diffusion coefficient. Diffusion of the
tracer proceeds from the das surface rreferentially
alond the «grain boundaries and from the drain
boundaries radialls inward towards the center of
the drains. The drain boundaries of thickness
are assumed ¢to be rerrendicular to the oxide
surface « The dgrains of radius r are assumed to be

attached to the grain boundaries at anw arbitrary
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derth in the oxide and are assumed to be comsletely
surrounded by the grain boundaries. Easically» the
grains act 8s sinks for the tracer and are attached
to the drain boundary diffusion rath. The
comrlicated two dimensional combined lattice and
the boundary diffusion sroblem is transformed into
8 simrle one dimensional diffusion rroblem in the
grain boundary - with the gr3ins acting as
distributed sinks. The strendgth of the sinks is

dgiverr by the well kriown case of diffusion into a

srhere.,

It should be rnoted that when the oiuden flux
TOT
J enters the drain boundary at the das surfacer

it is 311 0-18. However» as it comes in contact
i8
with 3 dgrainy there 1is a8 flux of tracers J v

irnto the grain due to exchande. However as the
number of oxsdgen sites in the grains are fixed,

16
there is an eaqual and orrosite Tflux J of 0-16

[
’

atoms out of the drain and into the srain boundarg.
Thus as the tracer diffuses down the grain boundary,
it becomes wmore and more diluted in 0-16 due to
exchande, The drains act as a ;ink drawing 0-18
atoms from the drain boundary and as a8 source

surrlaing 0-16 to the grasin boundarw. The drain
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boundary oxugen flux st the old oxide-new oxide
oo :
interface which is wused to form new oxide is

actually 3 mixture of tracer and natural oxuden,
This sugdests that the isotoric content of the new

oxide dgrains preserves the information on the

amount of exchande occuring during the transrort of

the tracer through the old oxide.

Fidure 4 shows the coordinaste sustem used in
the mathematicsl treatment of  the diffusion ‘

rrocess. The list of sumbols used are as follows.
18 2
J ¢ Flux of tracer down the grain boundarw (he/m
]
ser)

18 2
4 ¢ Flux of tracer out of the drain boundary (kd/m

sec)

-

D ¢ Grain boundary diffusion coefficient (m /sec)

o)

Lattice diffusion coefficient (m /sec)

=)
+*e

R ¢ Gas constant (Joules/K mole}

T ¢ Temrerature (K)
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=
.o

-©-
.

i
LY

-4
.o

*
[N 4

-

Ol

O:idation chemical rotential(Joules/K mole)

Dxide thickness(m)

bl

Farabolic rate constant for oxide drowth(m

/sec)

‘ 0-{8 oxidation time (sec)

0-16 oxidation time (sec)

Tracer concetration in the s&rain boundary
3
at derth v (kd/m )

3
Tracer concentratiorn in the drainm( kg/ m )

initial +tracer concentration in the dgrain
3
(kag/m )

. 3
Averade tracer concentration at derth uw(kg/m )

Grain boundaryg width (m)

Grain size (m)

Averadge tracer concentration in oxide

3

grain(kg/m )
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2.5 Mathematical Modelling Of Diffusion

The fluy of tracer down the drain boundary
18
(J ) 1is due to two dradientsr the oxidation
o o .
chemical rotentisl dradient( quA% ) which

drives oxidation and its own concentration

]
dgradient( ¢Z ) due to isotoric mixindg.

dy o
118 - Db¢y v -D 3¢v ...(3.1)
Yy RT Y bay
The diffusion coefficient I is different from the
b

self diffusion coefficient of oxyggen 3s Jumrs 1in
the direction of the dgradient are favoured. There
is &lso & difference in correlation coefficients.

However this difference in diffusion coefficient is

small [431].

The flux of tracer out of the dHraim boundary
18
and into the dgrain (J ) is erorortional to the

\
X

concentration gradient of the tracer in the sdrain

surface and the lattice diffuson coefficient D.

18 aC
Jx - -D(a—x-) 8 _ ... (3.2)
2

The dgrain boundary is assumed to be thin enough to
nedlect the wvariastion of ¢y in the ¢ direction.
Fick’s second law dgives the time derenderice of the

grain boundaru tracer content.

e "~ 3y B . (3.3)

-
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where B is a sink term representing the rate of

tracer loss into the drain, B is diven bw L[5

2 _18
g = 3 Ix .0+ (3.4)
Substitution of the Eauation 3.2 in Eauation 3.4

dives? '
B -2 X

sx 000(305) :

é
=2
Thus the time derendence of the tracer content in

the grain boundary is diven bwu substituting

Equation 3.1 and Equation 3.9 in Enuation 3.3,

=]
a¢y . DbAu a¢y

ot “RT Y oy

2
? %y, mac vee(3.6)

+ a———
3y2

D
b 6'ox’_ &
x*7

The last term of the Ecuastion 3.6 can be evaluated
if the concentration gradient of the tracer a3t the
grain surface is known. The incressing rate of the
grain boundargy concentration is much l;rser'thap
the increasing rate of the tracer conéentration
within the drain for'a given times since the dgrain
boundarwe diffusion coefficient is much larger than
the lattice diffusion coefficient. Thus the
concentration variastion within the srain can be
considered for a constant ¢y with a8 relatively
smzll error. Thus the rroblem of tracer exchange
reduces to the standard problem of diffusion into a

srhere having a constant surface concentration ¢y N
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The standard solution to this equation is given in

Equation 3.7,

C-C 2

1 - ( 1) sin - 2 .o V
¢,-Cy pET ) ﬂ(r-x) E nﬁ(r : Dn ; 5 G0
r

Differentiation of Eaustion 3.7 bw » dgives Eauation
3.8 an exrression for the tracer concentration
dradient at the dgrain surface (if § << r),

ac, 2 p2.2 |
) 6= "0y C)r Iep@BTE | (34
2 n=] r

Substitition of Equation 3.8 i Ecustion 3.6 sivés

Eauation'3.9.

3% D au° 3¢ 32 «

Y .. ._b -y y 4D -D 2.2

at RTY a3y T Dbay2 - 'Ci)nzlem(-ig—-g) ...(3.9)
. - r

This is a differeﬁtial eauation involving onlw the
grain .boundary concentration and its variation in
the w direction and time. The scale thickress is
time dererdent. So if a rarabolic drowth rate is

assumed with K as the eparabolic rate constant»
[

Y ™ (K (t+1)) «+.(3.10)

where ¢+ and T are the D 18 and 0~16 oxidation times

reswectivels. Fauation 3.9 can thus be written as?

O
% ° ¢ Db&u 3¢y - 4D ; exp(——— Dnzﬂzt)¢
ot ba 2 RT(KP(t+T))1/2 ay 2 2
4DC, = 2 2
i ~-Dn" 't
i) (3,11
+ 0 I exp( 5 ) ( )

= T
This differential eauation caﬁ be easily solved
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rnumerically to dgive the drain boundary tracer
concentration ¢y(uvt). Note that ¢y derends uron

three transeport parameters D » s}and Iy the oxide
b

microstructure through the #ra3in size r 8nd the

oxide dgrowth kinetics through the earabolic

constant K .« When Eauation 3.11 is divided bs the
s 3
total oxudgen concentration in kd/m ¢+ which is the

same throughout the oxide scale: the tracer
3
concentration can be converted from ksa/m to

fractional oxuden concentration, Thus Cs C and ¢y
i
all become unitless and are actallyu:

kg of tracer per cubic meter
kg of oxygen per cubic meter

As the SIMS determines the tracer

concentration eprofile by the sectioning techniaues
the averade concentration of the tracer at any
derth u should be determined. The averase tracer
concentration in the oxide dgrain 3t derth w 3t 3

time t is given by [113]

Eg- % (6,=C,) + €4 ...(3.12)
where M and M_ are the total amounts of tracer
diffusi:s into the dgrain at times t and «
resrectively. ;E is not & function of the grain

[~ ]
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bourdary diffusion coefficient I but only of the
b _
lattice diffusion coefficient D and is dgivern by the

standard form L[£113¢

M o 2 2
Eae 8 LoepE@ Tl (313)
H 2 2 2
o™ T n=l n T

Thus E .can be written as:
o

1 —Dnzﬂzt

6 expPETH) (0 € + ¢y ... (3.10)
r

_ o
Cg i (1—?1;1 :i
If the contribution of the tracer in the drain
boundary is considered, the averadge tracer

concentration at derth v and time t is diven by

C(y,t) = B Y ... (3.15)

Il'je to the rastering techniigue C(grt) 1is the

auantitw measured by SIMS:

3.6 Boundarw Conditioms
Eauation 3.11 is solved by a numerical
solution using the finite difference method.
(drt) is determined by wusind the first central
difference form of the deriviatives [451. 1If X is
the thickness of the old oxide and Y(t) is +the
total thickness of the oxide at anuy time trthe

initial conditions are:
¢y- C1 , ¥Y¢X , t=0

C= Ci s O0<x<r , y ¢X , t=0 ...(3.16)
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1t is assumed that the natural isotoric

concentration of the tracer is néslisible ieBoy

Ci = 0 oo (3.17)
The boundary condition at the oxide-gas interface
is? -
¢, = Cg» 0, y=0 ...(3.18)
where C is the tracer concentraton in the das
3
durind the 0-18 oxidation. C is assumed to be
s

constant during the diffusion.

The oxide-metal interface is a moving

boundary. As new oxide 1is being formed at the
oxide~-metal interface due to the flux of tracer
throudh the grain bouridaries, the tracer

concentration in the rnew oxide €raimns being formed

is the same as the ¢dgrain boundarw tracer

concentration at the metsl-oxide interface. Figure

7 shows the new oxide drowth AY during the time A t.

The boundars conditions at this interface are!

C(O<x<r, Y<y<Y+AY, t=t+At) = ¢ (y=¥, t=t+At)
¢y(Y<y<Y+AY, t=t+At) = ¢y(y-Y, t=t+At) ..o (3.19)
where limit ¢ AY,At + 0 |
In the following section some of the auantities
necessary for the numerical solution of Eauation

J.11 will be determined.
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2.7 Determination of oxidation chemical rotential

gradient

Let the gas oxide interface be denoted as 1
and the oxide metal interface be denoted as 2 as
shown in Fidure 8. Let uéz and ug be the oxusen
chemical rotential in the oxiﬂe at 1 and 2
resrectively., At 1 the chemical rotential of

xuden in the dgas must be the same as the chemical
rotentizl in the oxide [44] i.e.»
A

fis the samrle is exrosed to a closed atmosshere of

pure oxsden durind the tracer oxidation »

gas
P -1
o]

This dives
gas

. ;
Mo = 5% a RT 1n p832% g .o (3.20
02 02 02 )

i.e.r we choose the standard state as 1 atmosrhere

oxuygen g€as. At 2 the oxugen chemical rotential

must be the same at the oxide and the metal ieceoy

uz .‘feuﬂ
o, 0,
At 2 the reaction?
3 :
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FIGURE 8 - Oxidation chemical potential gradient across the
oxide scale.
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takes rlace which has a8 free enerdy chande of .

An eaquilibrium constant K for this reaction can be

defined as:

a
Al O
AGC = R’ - 273
RT 1n K RT ln(a )Z(ametal)B/Z «++(3.22)
Al 0
2
aAl 0 can be assumed to be unitw. Thus Eacuation

273
3.22 becomes:

o
metal _ exp(- 2|46 I)(aAl)—4/3

802 3 RT ..o(3-23)
metal metal
Since “02 = RT 1n %, ;v Eauation  3.23
gives?
metal 2 o 4
Yo, "3 18C1-3RITIn (ap)  L..3.20)

In the absence of any thermoduynamic asctivity datay
the metal can be assumed to be 38 sindle rhase idezl

solution. Then a is the atomic rercent of
Al

aluminum in the allow # L[All, Thus the Eaquation

3.24 becomes:

2 metal -

- 2 o 4
u02 u02 -3 lae”f - 3 RT 1n[A1)  ...(3.25)

Thus the oxidation chemical potential difference

across the oxide scale is given bu:

o_ 1 _ 2 2, 4o 4
8% =y uoz--3-|VAGl+-3-RT Infa1] ...(3.26)

2
Substitution of values of and LAl) in Ecuation
3,26 gives! Au® = 787915 J/mole at 1100°C.
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3.8 Relstionshis between Dband KP

If the mechanism of oxide drowth is rFrimarilyg
inward oxygden diffusion throusgh the grain
pboundaries» the drain boundary diffusivits and the
drowth rate kinetics can be related bw considering

3 simrle model.,

The samrle is exrosed to natural oxugen and an
oxide scale is drown, The oxide is assumed to haQe
cubic drains of dimemsion r surrounded bwy the grain
.boundaries of thickness § as shown in Figure 9.
The cross section of the sample itself is assumed
to be 38 sauare with each side being r grains long.
Let the thickrness of the oxide at any time t be Y
and let the scale drow by an aﬂount AY in time dt.
Then the flux of oxuden Jo(kE/mLsec) down the grain
boundaries is due to the oxwdgen sotentisl dradient.

The amount of 'oxssen transferred in tine
through the drain boundariesy U: (kg) is diven bwu!
W; = J° area of grain boundaries . time

the shaded @rea in Fidure 9 is the d€rain boundary

area through which the oxuden is transrorted(d<&Lr).
D.C o

o= g B 208 L A -+ (3.27)
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This amount of oxuden transrorted must be the

same as the amount of oxuyden incorrarated in the
o

rmet drowth of oxider W (k).
N

(o]
VN = volume of new growth in time At . concentration of O in scale

W - (ar)2. AY . C .o (3.28)
. 3
where C is the oxudgen concentration (Kg/m ) in the
_ o o
scale. As W =W Eouation 3.27 and Eauation
T N '
3.28 dives:
Dt:ApQ
b 2 L 2.2
= 2 r At =n"r" AY C
2anbau° bY .
'-RT"""‘; """Y’ = 'ﬁ' e ( 3. 29)
%% is the dgrowth rate of the oxide. It =

rarabolic dgrowth rate is sssumed with sgrowth rate

constant K?

¥ = (Kpt)llz

$ dY | 1,.1/2 -1/2 ...(3.30)

dt 2 'p
Conmbining Eauations 3.29 and 3,20 gives!?

K

&, = (B X . (3.31)
Ay
Substitution of arerorriate values im Eaguation
‘ (a} -16 2
3.31: r=0.,3 micronsy T=1100 €C ¢+ K =1.2¢10 m /sec

Q 24
y 8§ =10 A » A%=78915 JU/mole sives:
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-16

: 2
D= 1.3x10 m /sec ... (3.32)

This gives 3 g€oo0d estimate of the value of‘ Db to
be used in the numerical solution of the Eaustion

3.11.
3.9 Tracer concentration profile in the riew oxide

The tracer concentration eprafile in the new
oxide is obtained by the erincirle of mass
balance. It is assumed that the amount of exchande
of 0~16 in the oxide =rains 3t the gas surface with
the 0-18 in the tracer due to volume diffusion at
the gasFoxide interface is nedgligible. Then for an
inward dgrowing scéle once the samrle is exrosed to
rure tracers the amount of 0-16 in the entire oxide
must remain constant. This méans that the amount
of 0-18 retained in the old oxide must be the same
as the amount of 0-16 .in the new oxide, Let X be
the thickness of the oxide after an 0-16 oxidation
for time t and let Y be the oiide thickness after s
further tracer oxidation for a time t. Let an
additional tracer oxidation for 3 time dt cause a3
new oxide growth of dY as shown in Figure 10. The
tracer concentration profile till derth Y at time

t+dt is also shown.,
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FIGURE 10 - Determination of oxide growth kinetics by mass balance.
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Area A denotes the amount of tracer in the old
oxide and ares B denotes the amount of 0-16 in the
new oxide dgrown till time t. Let A-B=E, Then bg
mass balancer the amount of 0-14 contained in the
new dgrowth dY must be E. As mentioned in Section

3.6y the tracer concentration in the rnew growth is?

¢, = (y=¥, t=t+ar)

which gives the 0-16 concentration in the new
Srowth asi (1 - ¢ (s, t=t4bt)

Thus the dgrowth dY during time dt can be calculated

a3s+

. (A-B) ~
v = GENCE N .0.(3.33)

3.10 Flow chart of comrputer solution

Eauation 3.11 is solved on the comruter wusing
the finite differenceé technicue. The o0ld oiide is
divided into 19 eaual parts with the oxide-das
interface being called 1 and the metal-oxide
interface being called 20y 38s shown in Fidure 11,
Each Frart is considered to be 1 unit. The drouth
rate of the oxide is determined bw mass balance as
discussed in BSection 3.9, The wvalue of I© is

b
chosers such that the drowth rate is eomratable
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FIGURE 11 - Division of oxide scale for finite difference solution.




with the rarabolic growth rate kinetics. The flow

chart for the comsruter prodgram is shown in Figure

i2. The comruter prodram is listed in srrendix A,
3.11 Computer rlots of tracer profiles

Figures 13-15 show the theoretical tracer
concentration profiles in the old oxide for various
values of 1lattice diffusivitgs drain boundary
diffusivity and drain size. A hidgher value of
lattice diffusivity and causes a fast exchange rate
to be set ur. The drains in the old oxide are filled
ur guicklg. A higher value of the drain boundary
diffusivity causés more tracer to be retained in
the grains of the old oxide as the tracer diffuses
auickly down the drain boundaries increasing the
exchange time for the grains. A smaller grain size
increases the surface area for exchande and causes
more tracer to be retsined in the old oxide. The
variation of the tracer profiles when each
rarameter is varied is different., Thus
theoretically given an exrerimental tracer rrofiles
it should be rossible to come ur with uniaque values
of the ¢three rarameters to fit the curve. It

should be rioted that the values of I and r are
b
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INITIALISE
ﬂy('r=03=o: N=1,21

C(T=0) =0: N=1,20
NCOUNT=20
i

T=T+TINC

; .
CALCULATE ] (T): N=1,NCOUNT

CALCULATE C : N=1,NCOUNT

PRINT € : N=1,NCOUNT

CALCULATE C :
N=1 ,NCOUNT
yes BY 1 UNIT ACCO- | | xob oot
RDING TO PARA- —
BOLIC KINETIC CALCULATE
CALCULATE SCALE GROWTH OXIDE GROWTH
(IT SHOULD BE COMPATIBLE
TO PARABOLIC KINETICS)
CALCULATE C:N=1,NCOUNT "~ {no
PRINT C: N=1,NCOUNT
i
ﬁy (NCOUI\"I’+1)=;Zy (NCOUNT)
C(Ncowr+1)==;fy (NCOUNT) Y
[FCO0RT = ROORTTL b—a -

FIGURE 12 - Flow chart for the computer program.
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0-16 oxidation time- 18 hours
0-18 oxidation time- 14 hours
at 1100°C_,, ,

D,=1,3x10 m“~/sec

g?ain size=0.3 microns

1.0 -

[ ]
i

D=5.0x10"1%m2/sec

0.8 7 0ld oxide-new ——a

oxide
interfacs

e gas-oxide
interface
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1.0x10° 19
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- 5.0x10 %0n /se€
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Y
L x100
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FIGURE 13 - Effect of lattice diffusion coefficient
on the tracer profile in the old scale,
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0-16 oxidation time-18 hours
0-18 oxgdation time-14 hours
at 1100 C20 2

D=5.0x10"""m " /sec

grain size=0.2microns

1.0 =
- . old oxide-new oxide
moideens Dneriace
0.8 7
Db=s.0x10‘16m2/sec
0 - 6 e k

-16

.3x10 mz/sec

0.4 <
.Ox10‘17m2/sec
0.2 J
00T T T T T T T 1T T 1
0 20 40 60 80 100
Y
5 x100
Yold

FIGURE 14 - Effect of grain boundary diffusion coeffi-
cient on the tracer profile in the ol

scale. ‘
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0-16 oxidation time-18 hours
0-18 oxidation time-14 hours

at 1100°C~16 2
Dy=1.3x10_, m;/sec
D"=5.0x10 “"m“/sec
1.0 4
C - . .
- OXxide-gas old oxide-new
0.8 interface oxide inter- =
7T face

grain size=0.2microns

0.4 microns

0.6 microns

0 20 40 60 80 100

FIGURE 15 - Effect of grain size on the tracer profile
in the o0ld scale.
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rnot inderendents but are related to the K value by
Eaquation 3.31. Thus if one of the above rarameters
is fixeds there is a unicue value of the other
rparameter to satisfy the rarsbolic dgrowth rate
kinetics. Fidures 13-15 are rlotted to show how

sensitive the profiles are to the three parameters.,

Figure 16 shows the comruter simulation of how
the tracer concentration profile develors accross
the erntire oxide scale when the scale dHrown by 3
18 hour 0-146 oxidation followed bw 3 14 hour 0-18
oxidation. The values of the three sarameters
chosen are!

-16 2 -20 2

I = 1.41:10 m/secy D = 10 m/sec
b

r = 0.3 microns

The value of the dgrain boundary width chosen is

Q
104,

Here we can see the versatilitg of the model.
The oxide microstructure can be incorrorated in the
Frogram by feeding in the real sgrain size varistion

across the scale. In case the lattice diffusion

coefficient varies across the sider that too can be

incorrorated in the eprogram. The actusl value of
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0-16 oxidation time = 18 hours
1 unit = X/19

1 0}-————————- X=19 units =———ei

old oxide b T1EW OXide
¢
gas ///
>
0.0y

b 21 units -]
a) 0-18 oxidation time = 4 hours

. N
1'0""'---“--—--"---19 units e

¢ old oxide ~}{— new oxide
gas
0.0,2 Z3 units -
b) 0-18 oxidation time = 8 hours, 25 minutes
f——— 19 units — -
1.0
. new
. old oxide oxide
C
gas p—
0.0

| N 25.3 units
c) 0-18 oxidation time = 14 hours

FIGURE 16 - Development of tracer concentration profile.

L
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the oxide drowth kinetics can be exrerimentally
found and the real value of Y{(t) can be used in the
programe. The value of I can be so adJusted that
the sdrowth rate Predigted by mass balance is the
same as the exrerimental dgrowth rate. So 1long as
"the oxide is inward drowinds the tracer profile for

any drowth kinetics and microstructure can be

modelled.

It shbuld be noted that the model is based on
a3 rlanar oxide growth mechanism and any
auantitative information derived from the
exrerimental rrofiles assumes sgood resolution and
high @uality of the data itself. In case the oxide
metal interface is irredulary it is difficult to
identify the interface for the epurrose of mass
balance. The same problem arises if the sruttering
itself is non wuniform and information at the
metal-oxide interface is beind gathered
éimultaneouslsvfrom both metal and oxide drains,
Non uniform sputterind can severlwy limit the
resolution of the data such that no auantitative

information can be obtained from the share of the

rrofile.
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CHAFTER 4

EXFERIMENTAL FROCEIDNURE

4,1 Samrle Preraration

The FeCrAl-Zr a3llow used in the exreriment
was obtained <throush NASA Lewis Research Center?
The alloy used was Fe-21,9Cr-5.8A1-0,22Zr and was
obtained as cold rolled strirs about 1,5mm thick.
CSamrles of size émm:ébmm:l.Smm were cut out bav a
Buehler diamond saw. The srecimens were then
mounted and rolished omnm 240,320 and 600 drit
rolishing rarer fol}oued by 15,3 and 1 micron
diamond raste polishind. Some of the samrles were
rrerared a8t NASA and were rolished by 400 drit

rolising rarer followed bw 3 wmicrom and 1 micron

diamond raste polish.

4,2 Exchande Arraratus

Fidure 17 shows a schematic of the sarraratus

used for the das exchande rrocess. The tracer is

kert in @ zeolite storade tarnk.

¥ Courtsew J.Smialek.
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pressure/vacuum
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vacrum gauge
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> 3
[ @) _
6 4
thermocouple 2 H 1 valve
i
Lindberg furnace to vacuum
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-
stopcock
I
sanple quartz tube
A
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FIGURE 17 - Schematic of gas exchange apparatus.
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The samrle is rlaced in a3 auartz {tube with
the rolished side ur. Oxudgen flow into the auartz
tube can be controlled by wvalve 5 and the
storcock. The thermocourle vacuum g3aude measures
the rressure inside the sustem when it is
evacusted, The  pPressure daude measures the
rressure in  the sustem when the tracer is
introduced, Normzallgs the tracer pressure in the
system is maintained slightly above the
atmospheric rressure such thst no air leaks into
the sustem during the tracer annesl. The samrle
is annealed bw rlacing the euartz tube in 2 sindle
zone horizontal Lindberg furnace, The temrerature
of the furnace is monitored by 8 Ft-6%L/Rh/FL-30%Rh

thermocourle.,

4.3 Exchandge srocedure

Some of the samrles are énnealed in vacuum
after Polishiné to remove the polising damade.
The samples are rlaced in the auartz tube and the
system is pumred down to a pressure of 0.03torr.
The samrles are then annealed st 1ioo°cfs°c for 30

mirnutes. This alsce helrs the samrle and the

auartzs tube to heat wur 3nd come into thermal
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eauilibrium with the furnsce. For the 0-16
arnnealy valve 2 is closed to cut off the vacuum
pumr 3nd valve 3 is orened to introduce 3ir into
the sustem. So the old scsle is grown in air 3t 1
atmosrhere rressure. The transfer of P-18 into
the sustem for the tracer anneal is done uithogt
cooling down the sustem. At the end of 0-16
arnealy valve 3 is closed and the sustem is
evacuated with the vacuum rumr bz orening valve 2.
Meanwhile the temrerature of the zeolite tank is
raised by wusing the hesating coil. When the
rressure of the suystem falls to 0.03 +torrs wvalve
2 is closed and the tracer is introduced into the
system throush valve 1. The D-18 is kert 3t =
slightly higher +than atmosrheric rressure to
ensure rio leakage of atmosrheric air into the
sustem which can cause dilution of the tracer. At
the end of the tracer annealy the sustem is
evacuated agasin by cooling the zeolite'tank with
liquid nitrodgen. On cooling it acts a3s a3 pumr and

sucks out 3ll the tracer from the sustem.

4.4 SIMS
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The GATAN SIMS at Ferinswlvania State

X
University was wused to obtsin the data for the
tracer concentration profile. The #rrimary beam

. -*> .
used was Ar under a3 beam acceleration voltadge of

7KV, The comrlete instrument settings are 1listed

below!?

Beam Acclersator - 7 KV 1.53 mA

Ion Source Filament 17.2 A

Arnode ~ 123 V 3.65 mA

Beam Deflector Initial - 43 V Final - 204 V

Lerns Control Condensor 6.16 KV

Velocity filter Electric Field- 0.81 V
Madrietic field- 0.59 A
ObJective - 4.18 KV

Enerdy filter Outer potential- 40 V

Inner potential- ii3 V

D - G S G Y S T S T W " D W T G S D T G Y D WD SED P GHE D S D R D WS B G W TS Wb WD s S W

¥ Orerated by Ir,C.Hauser under the duidance of
Prof.C.Pantano,
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The list of srecies simultaneously monitored and

their mass to charde ratio is dgiven below:?

Element Mass/Charde ratio monitered

Al 13,9

146
1] 16.4

iB
0 18.4
Cr 52.9
Fe 56.9
Zl” ?1.7

Ilue to the insulating prorerties of 3lumina,
it was necessary to comrensate for the rositive
chardge of the rrimaryg beam by spraving electrons
orin the samrle surface. These electrons can cause
desorrton of light elements from the near surface
redion. This dgives rise to a backdground intensity
of the monitored ions and is termed as Electron
Stimulated Dlesorrtion(ESD). The ESD level  is
evaluted bw shutting off the /Primars beam and
measurindg the secondary ions due to the electron

beam only. This backdground level 1is subtracted

out from the actusl readindg.
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A samrle holder for SIMS can hold wurto 6
samrles and tias in additionm 2 standards. The

first standard is Ta 0 on Ta which is used to aim

295

the rrimary beam and to check if the rasterindg is
correct. The second standard is ZnS which is used
to aim the electron beam such that it is

coincident with the frimaryg beam.

The samrles are then sruttered one at 3 time
and the outrut of the machine is fed directly into
3 comruter., The outrut is in the form of the
rumber - of counts of 38 srecies versus the

sruttering time. The conversion of counts to
concentration of +tracer € (ts) a8t a time t is

i8 S
given bw ¢

hls(ts) - 0-18esd

018(ts) = 'Y

(hls(ts) - 0—18ESD)+(h16(t8) - O16ESD)

where h (t ) and h (¥ ) are the counts of 0-18
18 s 16 8
and 0-16 a3t a srutterind time t + O0-18BESD and
5
0-16ESDH are the ESDI values of 0-18 and 0-16
measured bw shutting off the rprimary beam. The
sruttering time is converted to sruttering derth
by measuring the derth of the crater buy 3

rrofilometer and dividing it by the totsl time

under the rrimsry beam giving the sruttering rate
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S such that!t

Y = 8 % veo{b4.2)
5 s
where Y is the sruttered derth corresronding +¢o
s
the sruttering time t .
&
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CHAFTER S

RESULTS AND DISCUSSION

S¢1 Reasons for choosing the alloy and

techniaue

The theoreticsal ma§gllins of the oxidation
rrocess of the FeCrAl-Zr allow was done on the
assumrtion that the oxide growth is rprlanars i.e.r
the oxide metal interface is sharr. Smialek
studied the microstructure of the oxide formed on
the same allow. He found that st 1100089 the oxide
formed had closelw racked rolucrustalline srains
and the oxide~metal interface was reasonably
rlanars at least for lond oxidation times. At
110008 there were very few rores observed in the
oxide. Redds [185] wused the double oxidation
techniaue on 3 NinAl alloyw and concluded that the
oxide was inward drowing with the mechanism being
oxuden grain boundary transrort. There was no
reason to beleive that the behaviour of FeCrAl-Zr
allow would be drastically different. So the

FeCrAl-Zr 2llow seemed like a2 dood 3llow to arrlu

the double oxidation technigue. Cawlew [14] used
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the double oxidation techniaue verw successfully on
Si and SiC. He used the SIMS to obtain the tracer
concentration rprofile. He wés able to
exrerimentally obtain a8 sharr oxide interface as
the oxuden sidgnal in the SIMS fell down raridly at
the interface, He was 3lso successful in
determining the diffusion coefficients of oxuden
from the observed concentration rfrofile. His
success was insrirational in choosing the double

oxidation techniaue and SIMS for these exrerimerits,

5.2 Lacew dgrowth

Wheri the tracer concentration rrofile in the
oxide on 83 FeCrAl-Zf samrle was obtsinedr it
differed from the profiles obtained by Reddwy on his

NiCrAl-Zr samrles. To tre to intersrret the
b &
difference the oxide was looked at under the SEM.

The microstructure as ‘shouﬁ in Fiduyre 18 varied
drastiéalls from that observed by Smizalek on the

same alloy. The sample had been polished by 3
o

micron diamond rpastey annealed in vacuum at 1100 C
o
for 30 minutes and oxidised for 40 hours a8t 1100 C.

- — . > S o . . . Gy S G S U G WSS e S A Hh G G TR G B ey P S = Y S e s B G G e W - ke W W - S

¥ Courtsew J.Smiaslek and J.Cawleuw at NASA Lewis and
M.Occhiorero at Case Western Reserve University,
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FIGURE 18 - Top view of the oxide at the gas-oxide interface.
The sample has been polished to a 3 micron
diamond paste finish, annealed in vacuum for 30
minutes at 1100°C followed by a 40 hour oxidation

at 1100°C.
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Instead of a comract roluycrustalline scales 3 lacew
structure of sabhout 2 micron wide riddes was
observed at the oxide—-gas interface. This shows

that the oxide dgrowth is not elansr.

To understand this differerice in
microstructure a8 sustematic studs was undertaken.
The effect of three wvariables on the micro-
structure was studied? the ﬁxidation timer the
surface finish of the samrle and the time of wvacuum
anneal, The wvacuum arneal is done before the

oxidatior to remove the rolishing damadge.

The develorment of the oxide microstructﬁre
with time 1is shown in Figure 19. The alloy is
rolished to 28 1 micron diamond raste finish and
oxidized at 1108 C for times of 3 hourssy 10 hoursy
20 hours and 36 hours » 25 minutes. The laceu
structure at the oxide-gas interface is evident at
least for the shorter oxidation timgs. The riddges
form & network of cells and the averége cell sixce
seems to decrease with time. The averade cell sizce
decreased from about S5 microns at 3 hours to ébout

3 microns a8t 10 hours and dgoes down to about 1.5

microns a8t 20 hoursse At 36 hours and 2% minutes
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19 a) 3 hour axidation at 1100°C.
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19 b) 10 hour axidation at 1100°C.
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i4a68 16 48U

19 d) 36 hours, 25 minutes oxidation at 1100°C.

FIGURE 19 - Charges in microstructure of axide at gas-
oxide interface with increasing oxidation
time. The samples have been polished to a
1 micron diamond paste finish.
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the lacew structure cannot be seen and the
microstructure looks like that rerorted by Smislek.
So if only the long time microstructure was
examined it would seem to be a8 planar scale and
would encouradse the éPPlication of the wmodel to
derive auantitative informstion. Howevers such a
rrocedure would lead to errors a3s the oxide did riot
start off looking that waw and at least the initial
reriod of oxidation did not 1lead to a ~rlanar

oxide growth.

A detsiled descrirtion of the oxidation
mechanism leading to the lacew structure will rnot
be attemrted here. However it is!imﬁortant to note
that the outward sluminum diffusion must occur to
change the microstructure at the gas-oxide
interface. So a3t least for oxidation wur to 20
hoursy the oxide is nog comrletely inward dgrowind.
Hindam and Smeltzer [491sy observed lace on Aqu
scales drown on NiAl. Thes exrlained t;i:
occurence bw statindg that the initial oxide formed
was Y-Al 0 by inward oxuden diffusion. The scale
then ueni ihroush @ to tranformation accomranied bwu

a3 14% reduction in volume. The ¢ -slumina formed

was fTor most rart oriented. Howeversy this volume
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reduction dave rise to some faulted oxide redions.
The scale was thus &8 combination of oriented

alumina and misoriented oxide which efrovided the

rath for combined inward oxwden and outward
aluminium diffusion. This dgave rise to riddes at
the g3s — oxide and the oxide-metal interface
corresronding to misoriented oxide gra3inse.
Howevérv this does not exrlain why the cell size of
the lacew structure should decrease with time as the

transformation occurs only once.

Hindam and Smeltzer observed that the

structure of lace itself can be 8 function of the
allow drsin orientation and can be varw drastically
over two alloy dgrains in the same samrle. Doychsak

L5011 8lso observed a g€rain orientation derenderncy of

the lascew structure during his study of NiAl

oxidation. Work is presently beindg done bw Smizlek

at NASA to understand the occurernce of lace. The
derenderncwy of lace on the allow drain orientation
raises the auestion whether the observed decrease

in cell size with ¢time is real or an artifact

because +the four samrles were so chosen that the
allow grain orientation led to & decreasind cell

size. Thoudgh this is &8 rossibilitys the odds
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against it are high.

Fidgure 19b) and Figure 20 show the effect of
surface finish on the laces structure. The samrle
in fisure 20 has been polished bw a 6400 sgrit
rolishing PSPBP‘Nhile the samrle in Figure 19b) has
been rolished bw 1 micron diamond raste. Both the
samrles have béen oxidised for 10 hours at 1100D
C+« No dramatic difference is observed in the lscey

structure which susdests that surface finsh mav rnot

rlaw a3 big role in lace formation.

The effect of the vacuum anneal on the laces
structure can be seen by studwing Fidure 19b) and
Fidure 21. The samrle in Figure 19b) has not been
trested to the vacuum anneal while the samrle in
Fidure 21 has been annealed in vacuum for 30
minutes at IIOOOC. ‘The sample with no vacuum
anneal shows the lacew structure as 2 network of
cells with the averadge cell size around 3 microns.
However the structure of the samrle with vacuum
anneal looks drastically different. The ;acg takes
ur 3 srider like form with a8 nucleus and the lace
spreading in radial directions from it. This éhoés

ur in certain aress of the oxide surface. Regions
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FIGURE 20 - Top view of axide at the gas-oxide interface.
The sample has been polised by 600 grit Opolish.i.ng
paper and amnealed for 10 hours at 1100°C.

85



Heawst

ORIGINAL PAG
OF POOR QUALITY

FIGURE 21 - Top view of oxide at gas—oxide interface. The
sample has been polished to a 1 micron diamond
paste finish, annealed in vacuum for 30 minutes
at 1100°C followed by a 10 hour oxidation at
1100°C.
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awas from the lace covered sreas have a3 needle like
structure. A similar effect was observed at a3
higher temrerature as shown in Fisure 22. The
samrle in Fidure 2238) was annealed for 30 minutes in
vacuum at 120000 while the samrle in Fidure 22b)
had not been divern anw vacuum 3anneal. Both the
samrles were rolished by 3 1 micron diamond raste
and oxidised for 10 hours at 120000. The formation
of lace on the sample with vacuum anneal was much
more dramatic, These observations sudgest that

vacuum arnealing encourages the formation of lace

at least at short oxidation times.

To studs the effect of vacuum aﬁneal orn lacey
structure for 1larde oxidation timess two samrles
were oxidised at 110000 for S0 hours. PRoth sanmrles
were arnealed in vacuum for 30 minutes at 1100°C
before  oxidatiorn. Figure 23 shows the
microstructure of the oxide formed on the two
samples. The samrle in Figure 233) has been
rolished with 1 wmicron dismond epaste while the
sample in Fidure 23b) has been rpolished with 600
grit polishing parer. Both samrles do not show

lace. Howevery Figure 18 shows a8 dramatically

different microstructure. The samrle in Fidgure 18

87



OF PCOF

22 a) Vacuum amneal at 1100°C for 30 minutes prior
to axidation.
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22 b) No vacuum anneal.

FIGURE 22 - Effect 8f vacuum anneal on oxide microstructure
at 1200°C. Both samples were polished to a 1
micron diamond paste finish and oxidised for 10
hours at 1200°C.
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23 a) Microstructure of oxide at gas-oxide interface. The
sample has been polished to a 1 micron diamond pagte
finish, amealed in vacuum for 30 mimites at 11

00°C
and axidised for 50 hours at 1100°C.
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23 b) Microstructure of oxide at gas-axide interface. The

sample has been Bolished by 600 grit polishing paper
amnealed at 11000C for 30 minutes and axidised for
50 hours at 1100°C.

FIGURE 23 - Microstructure of oxide after long time axidation.
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has alsoc been annealed in vacuum for 30 minutes at
o

1100 C after which it was oxidised for 40 hours at
o

1100 €. The srecimen has been rolished by 3 micron

diamond raste. This difference in micro-structure

may be due to different allow dgrain orientation.

In conclusions some of the facts about 1lace
and its structure are stated without an attemst to
exrlain the reason or the mechanigm af structure
variationi. Occurence of lace seems to be sensitive
to the vacuum annéal; at least at smaller tinmes.
The vacuum anneal encourades the formation of lace.
The structure of the lsce itself may vary from a
cell like structure in Figure ;4b) to & srider like
structure in Figure 21, The cell size and share of
the lace is sensitive to the 3lloy drain
orientation. The cell size of the lace may
decrease with time undér isothermal oxidation. The
lace seems to have a radial texturer i.e.» the

ridges seem to form radially from & nucleus.

The formation of lace and its structure does

not seem to be consistent and can vary from sanrle
to samrle. Its erratic behaviour is a8 good resason

to refrain from sreculating on its orisgin.
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5.3 Srutter etching

An imrortant epoint to consider is the a@ualitwu
of data obtsined bw SIMS. The auestion to be
addressed is that if the 3allow was to wunderdgo
rlanar oxidation in 3 manner described by the
modélv how accurate would be the tracer
concentration rrofile obtzsined by SIMS. Dats
obtained by SIMS are in the form of ion counts
versus sPutterins time. Even thoush the counts are
8 strong function of the oxide matrixy the matrix
derendency is removed by taking the ratio of 0-18
counts to the +total number of oxwdgen counts,
Howevery the conversion of sruttering time to derth
is valid only if the srputtering rate is @ constant
or 8 krnown functiorn of time. The manner in which
data is collected by SIMS is +that the oxide is
sruttered for a diven lendth of time (1 sec in this
case) and the counts rerorted is the averade of the

signal received over this reriod.

To understand how SIMS collects the datay
consider a #rlanar oxide with a3 true concentration
profile C(w) across it as shown in Fidure 24. The

data 1is collected by sruttering for a3 timelAt and
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FIGURE 24 - Sputtering of oxide scale by SIMS.
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averading the number of counts collected over that

time reriod,. Let AY » AY 1 eeeee A2 be the
1 2 n
thickriess of oxide srputtered away after successive

srutterings of time At. The sruttered surface is
aséumed to be flat. Then the concentraton rerorted

by SIMS at time t» C(t)» is siven bu?

yn-+1
n+l

- =YY 1
O { cuy

n

«..(5.1)

If the sruttering rate is constant » then 311 +the

As’s are the same.

Figure 25a3) shows a3 ster function concentraton
rrofile and Figure 25b) shows how the SIMS dats
would arrear for a constamt sruttering rate when
the_ data in the form of counts versus sruttering
time is converted to &2 rlot of concemntration
versus distance. The profile obtasined would be a3
symmetric distortion of the true rrofile. However
it would be ares preservingds i.e.s the area under
the exrerimental concentration profile would be the
same as that under the true concentration errofile.
Thus the mass balance ideas discussed in Charter 2
would be wvalid and arrlicable to the observed
profile. Howevers if the srutterindg rate is not

uniformes theri the conversion of counts versus time
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FIGURE 25 - Distortion of concentration profile due to sputtering
by SIMS. a) Concentration profile. b) Output from SIMS.
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to corncentration versus distance by using Eausation
4.2 would lead +to an unswvmmetrically distorted
profile which would not be area rreservind., In
such a8 case the mass balance idea would not be

arrlicable to the data.

A further comrlication occurs if the sruttered
surface of the oxide is not rlanar but has instead
a8 convoluted morrholodgy as shown in Fidure 26, Let
C(w) be the true concentration rrofile of the
tracer in thekoxide. In this case for a8 srutterindg
time of At information is being collected from a
range of derths 9w to uq and the rerorted
concentration is t;e avera;e of the concentration
over this derth range weishted bw the amount of
material removed from a given derth. Let dVU(w) be

the volume of oxide removed a8t derth ] by

srputtering for 3 timeldAt. The sverage concentraton

rerorted is dgiven bu! Yo
_ . J c@ v
c=71 ' . (5.2)
y

2 .
J dv(z)
1

If the range of derths over which information is
simultaneously receivedr is too larde it may

distort the concentration fFrofile to an extent that

obtaining auantitative information from 1t 1is
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FIGURE 26 - Effect of non-uniform sputter surface.
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imrossible.

Another mador rproblem faced >uhen 8 srutter
etching techniaue is use§ on 38 rolycrustalline oxide
is the phenocmenon of epreferentisl s#utterins. The
grain boundaryg redion may srutter at a8 faster rate
than the dgrains. The sruttering rate of the dgrains
themselves mas be & function of their orientation.
This means that the rande of derths over which the
signal is collected will vary across the srutter
surface. Fisure 27a) shows the oxide scale being
made ur of 2 redions A and B where B srutters twice
as fast a8s A. A could rerresent the grain while B
could rerresent the grain boundary or slternately
they could rerresent drains of fast and slow
srutter orientation. Figure 27 shows the srutter
surface after a3 sruttering time At., The rerorted
concentration is the averade of the concentraton
measured over the shaded area in Figure 27b). This
rreferential sputtér etching can a3lso severely limit

the resolution of the data.

S.4 SIMS dats
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FIGURE 27 - Preferential sputtering of oxide by SIMS.

100



Figure 28 shows the total counts of oxugen
rlotted as a function of normalised scale derth for
a samrle rolished by 1 micron diamond raste and
okidised successively in air and 0-18 tracer at
110000 for 20 hours and 16 hourss 25 minutes
resrectively, It is imrportant to note that the

xudern counts dror off very draduslly and there is
no discontinuity indicating 3 sharr oxide-metal
interface. This could be due to 3 combination of
rreferentisal srputtering and non Flanar oxide
growth. Fidure 29 shows a3 SEM Picéure of the same
crater, The metal dgrains and the redgioms of oxide
can be seen side by side as wmarked bw M and O
resrectively, The 1lacexw structure is evident in
the oxide. The arrarent tracer concentration

profile of the same samrle is eplotted in Figure 30.

If there was & share interfacer the tracer
caoncentration Profile.uould have fallen off raridlu
once the metal was reached. Howeverr not onlu does
the concentration profile at the interface not fall
off steerly but it has 3 lesser slore than the rear
surface rrofile. This indicates that the rroblems
of non Frlanar oxide growth and ereferential
sruttering are too severe to arrly our model to

obtain auantitative data.
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FIGURE 28 - Plot of total oxygen counts versus normalised depth.



FIGURE 29 -~ Top view of the sputtered crater.
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5.9 Conclusions

The 2im of this study was to develor the
double oxidation tracer techniaue. The thrust of
the work was to come ur with a3 method of anslysis
of the +tracer concentration rrofile such that

valuable information could be obtained from it.

The mass balance ideas develored can be wused
to deduce the oxidation mechanism from the tracer
distribution in the oxide scaley if the oxide drows
in a8 wrlanar fashion. For 311 slanar drowind
scalesr if 38 true tracer concentration #rofile can
be obtained» the fraction of inward and outward

growth can be deduced bw mass balarice.

An effort was then made to develor an analusis
which could be used to derive auantitative
diffusion dsta from the tracer concentration
rrofile. The srecific diffusion rroblem of tracer
distribution in &2 rolucrystalline oxide scale
drowing by inward oxsdgen dgrain boundarwy diffusion
with exchande was solved usingd a3 model based on the
Oishi-Ichimura combined lattice and boundary

diffusion model, For wuniform dgrains across the
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scaler wuniaue rrofles could be rpredicted using a
combirnation of D'y D and r. It was found that each
rarameter had a gifferent effect on the erofile.
The model could be dgeneralized to accomodate any
grain size distribution obtasined in 8 real oxide

scale. Careful consideration was 2lso given to the

factors that could distort the data.

Havind develored the analusisr it was tested
on the FeCrAl-Zr alloy. Based on the extensive
studies on NiCrAl allows and long time oxidation
studies on FeCrAl 3lloys by Smialeks the FeCrAl-Zr
3lloy was exrected to oxidise in a3 rlanar fashion.
However it was found that the oxidation behaviour
of FeCrAl-Zr 3llow was extremely unrredictable and
the microstructure of the oxide varied from samrle
to samrle and even within the samrle. The
formation and chandes in the lacew structure at the
gas-oxide interface suddested that outward cation
transrort also occured. So it was found that the
FeCrAl-Zr allovy was not a3 dgood system to arrlus the
model. The SIMS which had been very successfully
used on amorrhous materials led to rreferentisal
sruttering in the polucrustalline oxide scale and

caused distortion of the tracer concentration
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rrofile. Thus no attemrt was made +to derive

diffusion coefficients from the data obtairned.

To exrloit ‘the analwsis and auantitative
modelling done in this thesiss it is necessasary to
arrly the double oxidation technique to sustems
with  turically planar drowing scales. There is
also a8 need to imrrove the Profi}ins technicues on
rolucrustalline scales wusing protom activation or

SIMS having uniform srutter etching.
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CHAFTER 6
SUGGESTIONS FOR FUTURE WORK

1, The realistic oxide microstructure could be
incorrorated in the comruter program by treating
the rroblem of varyging drain size and share across
the oxide scale. For oxide scales having columnar
grainss the exchande process could be treated as -
diffusion into & cuwlinder. The only modification
reauired would be to substitute Eauation 3.7 buw the
corresrondingd equation of diffusion of tracer into

a8 cwlinder having a8 constant surface concentration.

2. The rresence of rreciritates of s second #hase
with different axgden diffusivity could be
incorrorated in the Frodram by considering the
variation of 1lattice diffusivity across the oxide

scale.

3. The problem of combined inward oxugen tracer
diffusion with exchange and outward sasluminum

diffusion could be addressed.

4, The amount of 0~16 in the old oxide undersgsoing
direct surface exchande with the dgas during tracer

oxidation can be calculated. This would lead to a3



modification of the mass balance ideas. However
the amount of D-146 involved in direct exchande with

the dg3s is not very sidnificant (Arrendix B).

S« A system with an inherently eplanar drowing
oxide scale should be chosen to arrly this model.,
The analusis technigues develored could be arrlied
to the existing tracer concentration data on NiQ by

Atkinson et. a3l.L51]1 and NiCrAl-Zr by Reddws L[151],
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AFFENDIX A
lListing of the Comruter Frodram

dimension c(40)r,ci(40)rc3(40)s1i(40)rycgrain(40)
oren (unit=1lrstatus=’0ld’'rname='frlf.dat’)
READ(1»X)concint

read(1lrX)dorrdgc

READ(1,%)W3
read(lrX)tstorrtemrrytaurdlrgsbudrokr
READ(1,%)W4

read(l,»X)dsizeyddgb
oren{unit=2sstatus="new’rname=’"1rfl.0bi’)
oren(unit=3sstatus="'rnew’rname=’"grate.obJ’)
oren(unit=4ystatus=‘new’ rname=’'gbhc.obd’)
write(2,3)

FORMAT(SX s bHTEMFy 910HO-1BTIMEs »BHO-16TIME)
write(2r4)tenmrsrtstorrtau

format (AXsF6.0939TH.014Xs16.0)

write(2,8)

FORMAT (SX»14HGRAINSIZE(M)»y »2SHGE-DIFF

COEFF (MXX2/8SEC)y

21HLDIFF COEFF(MXX2/SEC)» Sy Shehwd )
write(2r9)gsizesdabrdlrgbwd
format(S:rell.3y5xrell.3»13XyE11.3y10:9011.3)

write(2,10)

format(3X»SH timerd:ir1hlrySxr1h2y Sy
1h4sSxrinérSxrihBr S 2h10y 4,y

2h12: 4920145490 201694:» 201819455 2020)
READ(1X%)UWE )
read(1sX)tincsdter

t=0.

terint=dter

do 85 k=1,20

ti(k)=0.,0

continue

c(1)=0,5

do 11 Ju=2,21

c(d)=0.0

continue

do 700 J=1,20

cgrain(d)=0.0

continue
tdrate=((20.0/192.0)%%2.0)%tau
nscourt=20

wscale=20.0
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deltu={((okrdtau)d¥X0.52,/19.0

t=t+tinc
alrha=ddbi¥dor/ (gcktenF X ((OLFX(TH+taud 2X%0.5))
a=4%dl/(dsizeXdbuwd)
B={(3.14/GSIZE)XX2 . YXDLXT

var=0, ‘

DO 12 N4=1,20

var=vartexnr(—bk(N4XX2,))
VAR4A=EXF(~BX(N4xk2))
IF(VAR4/VAR.LE.0.01260 TO 100
continue

N4a=1

beta=gXvar
w=(dgb/(deltukX2.))~(alrha/ (2. ¥delt))
w={l./tine) ~(2%dgbh/ (deltsXXx2,.))-beta
a=(dgb/ (deltuxX2.:))+(alrha/{(2.%delty))
do 146 d=2snscount
cild)=tinck (ko (d+lddwke ()
$+z%kc(i~1)+betakxcdrain(.i))
ci(i)=1,0%concint

ci(40)=0.0

do 35 k=ilrmscount

if(Ci(;’-.)OIEOOQO)gQ to 35
titk)=ti(kI+tine

contiriue

if(t~4rrint)20217917

continue
write(4,8003tyci(2)sci(8)rci(l1b)>
Cci(20) i (210 9ci{22)yci(23)>
cif{24)sci(25)50i(26)9ci(27)yci(28)

format(1:ef7.0,12F5.2)

do BO .=1s20
b=({(3,14/dsized} ¥ %2, )Xd1%kti ()
call exrcali{bsvor)
ca(d)=(1~-({(b6./C3.14%%2.))kvor) )X
{(ci(J)~cdrain(J)itecdrainl(.i’
cald)=({{dsize/2.00%%3.)X%
ca(d)+i.Sk((gsize/2.3%k2.)%
gbhwdkeci () )/ ({{(dsize/2.)+(gbwd/2.)2%%3,)
continue
write(2+18)treca(idrca(2)sca(d),
calbd)sca(8)real(l0)rcal(l)scal(id)y
ca{iélsrca(iBl)scal(20)

format (1XsF7.0511F8.2)
terrint=terint+dter
if(t-tstor)515,21,21

do 90 J=lsmscount
b=((3.14/dsize) XX2, ) ¥dl¥ti (J)
call exrcal(brvor)
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ca3(d)=(1-((6./7(3.14%%2,))xvar) )X

X (ci(Jd)-cgrain(i))tecdrainld)
ca(J)=(((dsize/2.0)%XX3 )X

X ca(i)+1.9%((dsize/2,)%%2.0X

¥ dgbwdkci(d))/(((dsize/2,)+(gbwd/2,))2%%3,)

90 continue

write(2,30)trcal(ld)rca(2)rca(4),

¥ ca(é)rca(B)rca(l0)rca(i2)sca(l4)y

X ca({lé)sca(1B)»CA(C20)

30 FORMAT(1X»F7.0911F6.2)
write(2,150)ci(20)
150 format(///f7.2)

areal=0.0
do 600 n=1,19
areai=(ca(m)+ca(ntl) /2.0
areal=arealtareai
600 continue
areal=0.,0
nsc=nscount~-1
do 680 J=20snsc
aread=1.0-((cal(n)+cal(nti))/2.0)
areal=arealtaread
&80 continue
winc=(areal-arez2)/(1.0-ci(nscount))
wscale=rscaletine
write(3,410)trxscaleyiincy
¥ ca3(21)rca(22)r»ca(23)rca(24)ryca(25)
X ©38(26)rca(27)sca(28)rca(29)

610 format(lxsf7.09 20 f62v19fS5e291:99T6.2)
stor
919 continue

tecounter=t+tau
if(tcounter-tarate)S520,530,530
530 continue
do 580 .=1lsnscount
b=((3.14/dsize)XX2.,)¥dl¥ti ()
call exrcal(brvor) :
ca(d)=(1=({6./7(3.14%X%X2.))Xvor) )X
X (eci(d)-cdrain(i))tcdrain(d)
cald)=(((dsize/2.0)%%X3)Xca(d)
¥ 41.5%((dsize/2.)%XX2.)%
X dbwdkci(d))/(((dsize/2.)+(gbwd/2.))%%X3.)
o980 continue
write(2+640)trca(l)rca(2)yca(d),
X ca(bd)rca(B8lrca(l0)rca(li2)rca(lly)
X »c38(16)ryc23(18)rca3(20)
640 format (139 f7.0,11F6.2)
areal=0.0
do S00 rm=1+19
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areai=(ca(n)4+ca(nt1))/2.0
areal=areal+areai

300 continue
aresl2=0,0
JdJrsc=Enscount-1
do 670 J=20ydnsc
areaJ=1.0-((ca(n)+calinti’)/2.0)
area2=areal+aread

670 continue
xinec=(areal-area2)/(1.0~-cilnscount))
nscale=xscaletxine
write(3,»510)tsxscalerkines

X ca(21)rca(22)rca(23)rsca(24)ryca(25)y
¥ ca(26)yca(27)9ca(28)yca(29)

510 Fformat (197092962911 FS, 2719 92F6.,2)
tdrate=((tau¥x%0.5)/192.0+(t=gratex¥0.5) ) %%2,
cdrain(nscountt+il)=cil{nscount)
ci(mscount+l)=cil{nscount)
nscount=nscount+l .

520 g0 to 24

24 D0 25 K=1,40
clki=ci(k)

25 continue
g0 to 26
end
subroutine exrcasl(blyout)
out=0.0
go 60 n=1+20
n2=nX¥X%x2
out=outt(exr{-blXnl)/n2>
var2z=(out-(exr(-bikn2)/n2))/o0ut
if(var2.4t.0.99)g0 to 70

60 continue
70 n=1
end
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AFFENDIX R

Justification of Assumrtions Made

While develoring the mass balance ideas in
Section 3,3y it is assumed that the amount of 0-16
in the o0ld scele 1involved in direct surface
exchande with the tracer when the samrle is
oxidized in 0-18 gas is nedligible. The diffusion
of 0-16 atoms from the scale to the gas is due to
the concentretion dradient only and can be
evaluated bw setting the chemical rotentisal
dgradient eacual to zero. Area A in Figure 31
rerresents the amount of tracer retained in the old
oxide due to inward srain boundary diffusionm of
tracer.with exchange. Area B is the amount of 0-14
in the old scale which underdoes direct surface
exchangse with 38 same amount of 0-18 in the das
during the tracer oxidation., Aresz B is aﬁout 7% of
area A, So the amount of tracer diffusing info the
oxide due to direct surface exchange 1is not very

significant.,
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FIGURE 31 - Comparison of direct surface exchange to total exchange.




The rroblem of tracer exchange betweern the
grain boundaries and grains was solved by treating
the drains as srherical sinrks with a constant
surface concentration ¢y (Section 3.5). This was

done for mathematical convinience so that ¢

y
could be evaluated in Eauation 3.8. However ¢y is
not a3 constant but is a function of time. However

the assumnrtion of a8 comstant drain surface tracer
concentration is not very severe. As shown in
Fidure 2y the relativels high value of dgrain
boundary bdiffusivits causes the grain surface
tracer concentration to raridly reach & near steady
state value. There is onlw about anm BX variation
in the dgrain surface tracer concentration when the
drains are beindg filled with tracer due to
exchange. Thus the assumrtion of s constant

does niot lead to & larde error,
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